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IMAGING DEVICE 

This invention relates to an imaging device, in particular to an 
imaging device comprising an array of pixels fabricated using a 
5 microelectronic technology such as CMOS. 

There are a number of types of imaging devices including charge 
coupled devices (CCD), photodiodes, and charge injection devices. 
CCD's in particular have a number of advantages which make them 
particularly suitable for imaging devices. CCD's work by storing the 

10 charge generated by radiation on the imaging device and then transferring 
the charge to an output stage, located on the periphery of the silicon 
substrate. Although CCD's provide good image quality, they are limited in 
the amount of processing they can perform and their performance falls off 
at high speed due to the inherently serial process and the need for a high 

15 bandwidth output stage. In addition, the standard CCD is incompatible 
with CMOS processing which means that it is difficult to fabricate on-chip 
electronics for processing the CCD signals. 

In the early 1990's a new architecture was developed which is fully 
compatible with CMOS. This is known as active pixel sensor (APS) 

20 architecture and is described, for example, in US Patent No. 5471515. 
The basic APS architecture is shown in Figure 1 of the accompanying 
drawings, and can be fully fabricated in CMOS. 

Figure 1 shows the circuitry associated with a single pixel 1 of a 
pixel array forming part of an imaging device suitable for imaging 

25 electromagnetic radiation. Each pixel comprises a sensor, such as a 
photodiode or photogate (a photodiode PD is illustrated) together with a 
small number of MOS transistors for processing the signal output from the 
sensor. Typically, these comprise a reset transistor MRST connected in 
series with the photodiode PD between the supply lines, a source follower 

30 transistor MIN which receives at its gate electrode the output of the 
photodiode PD, and a pixel select transistor MSEL which receives the 
output from the source follower transistor MIN, and selectively passes it to 



an output terminal 3 which is connected to a column bus (not shown). A 
current source l bI as, located outside the pixel, provides operating current for 
the source follower. 

The reset transistor MRST is used to reset the photodiode PD to the 
positive supply voltage or to other, user-controlled, positive voltage. 
Following a reset, radiation incident on the photodiode PD results in a 
corresponding reduction in potential at the gate of the source follower 
transistor MIN in accordance with the strength of the radiation. AH of the 
outputs of the pixels in a column are connected to a common column bus, 
but only one pixel at a time is selected in each column, using the switching 
action of the pixel select transistor MSEL which receives a switching signal 
at terminal SEL which is passed to its gate to switch the transistor on and 
off. Switching is controlled in such a way that all of the pixels in each row 
of the array are read out simultaneously in parallel, the signals from each 
pixel being passed to a respective column bus for passage to external 
circuitry (not shown) which carries out the signal processing. 

The ability of the APS architecture to utilise standard CMOS 
electronics brings a certain number of advantages over use of CCD's. 
These include lower power requirements, improved radiation resistance, 
improved speed (because the readout operation is in parallel, the 
bandwidth of the amplifiers can be limited, thus limiting noise), and the 
ability to randomly access selected pixels. 

However, the standard APS architecture has its own limitations: 
1 ) Speed: a full image has to be read out before the following one is 
taken. The readout speed is mainly limited by the fact that the OUT iine 
needs to be charged to the corrected voltage. Sensors with full frame 
capability in the order of 500 frames per second have already been 
designed, but these rates start to hit intrinsic limits. Alternative 
architecture integrates the use of any analogue to digital converter (ADC) in 
each pixel. These have an effective limit in the range of 1000 fps, since it 
is very difficult (if not impossible) to integrate fast ADCs in a pixel. It is 
also possible to increase the speed by sub-sampling the image, thus 



reducing the number of pixels to be read. However this has the 
disadvantage of reducing the resolution of the device. Any attempt to 
increase the speed of standard APS will eventually hit the physical limit 
imposed by the relatively high capacitance of the output bus running for the 
5 entire length of the array. 

2) Dynamic range: kTC (or reset) noise is the dominant source of 
noise. This sets a detection limit on small signals. On high signals, the 
limit is given by the full well capacity. Multiple sampling methods have 
also been used to enhance sensitivity. 
10 The present invention seeks to address these limitations. 

According to the invention there is provided an imaging device 
comprising an array of pixels in which, for each pixel, there is provided: 

a sensor which is sensitive to a variable quantity to be imaged and 
for outputting a signal representative of the variation in said quantity during 
15 an integration period; 

amplifier means for amplifying the signal from said sensor; 

a plurality of memory cells for holding sequential samples of the 
amplified signal from the sensor during the integration period; and 

read switch means actuable to enable the contents of said memory 
20 cells to be read out. 

Generally speaking, the circuitry associated with each pixel will 
comprise at least the sensor, an amplifier means in the form of a buffer 
amplifier and the read switch means. However, in the preferred 
embodiment, all of the components - sensor, amplifier means, memory 
25 cells and read switch means will be contained within the circuitry 

associated with each pixel, said components being fabricated together 
using CMOS or equivalent techniques. 

The quantity to be imaged may be any quantity which may be imaged 
and is susceptible to being measured by a sensor to produce a signal 
30 representative of the variation in the quantity. Examples are radiation, 

particularly electromagnetic radiation, including charged particle radiation and 
neutron radiation, and electric potentials or time variation of electric potentials. 
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The sensor may be any device suitable to provide an output which is 
sensitive to the variable quantity to be imaged. A common application will 
be in the detection of electromagnetic radiation, both visible and non-visible 
(for example in the infrared or ultraviolet domain). The use of a converter 
5 layer put in front of the sensor will also improve its efficiency in detecting 
shorter wavelengths, like X- or gamma-rays, as well as neutrons. The 
sensor could also be made so that it is highly, possibly fully, efficient to 
charged particles. Static or dynamic electric potentials could also be 
imaged. For the sake of simplicity, it will be assumed herein that the 

10 radiation to be detected is visible light and, for this purpose, a photodiode 
or phototransistor is suitable. 

The amplifier means is necessary to buffer the output of the sensor 
and may for example be a source follower, an inverter, a voltage buffer or a 
charge amplifier. A source follower has a gain of one or less than one, 

15 and references herein to amplifier and amplification should be understood 
in this context. An inverter, whilst slightly more complex, has the ability to 
provide a positive gain, say up to about 10. Preferably the timing is such 
that the amplifier means is continuously energised during the integration 
period, or at least a part thereof. This allows every pixel in a particular 

20 column to simultaneously write into the memory cells. 

In their simplest form, each memory cell comprises a selection 
means, and a storage means. The selection means may be realised by a 
MOS transistor whose gate has a switching signal applied to it from a 
timing circuit controlled by the system clock. The storage means may be 

25 realised by a capacitor or by an alternative component; such as another 
MOS transistor, acting as a capacitor. 

The timing circuit is common to all of the memory cells and, indeed, 
to all of the memory cells in all of the pixels and, as such, will be separate 
from the array (although, of course, it may be fabricated on the same 

30 substrate). The timing circuit applies successive switching pulses to 

successive memory cells during the integration period so that each memory 
cell contains a respective sample representative of the instantaneous value 
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of the amplified signal from the sensor at the moment when the sample is 
taken. Each memory cell takes a single sample in each integration period 
and the maximum number of samples which can be taken during each 
integration period is thus equal to the number of memory cells. Generally, 
the timing is arranged so that the samples - however many there are - are 
taken at evenly spaced time intervals throughout the integration period; 
however, other patterns of timing within the integration period may be 
preferred in order to cater for particular circumstances. 

Preferably means are provided for switching between the write mode 
of the pixel circuitry, corresponding to the integration period, and the read 
mode of the pixel circuitry during which the contents of the memory cells 
are read out and passed via the respective column bus for that pixel to 
external processing circuitry. In an embodiment, this write/read switching 
means includes a write switch means situated in the signal path between 
1 5 the sensor and the memory cells. Preferably the write switch means is 
downstream of the amplifier means so that the sensor output is buffered. 

The timing circuit also supplies a write-read switching signal to the 
write/read switching means so as to switch the pixel circuitry from write 
mode to read mode and vice versa. During the integration period the pixel 
20 circuitry is in write mode and, at the end of the integration period, the 
circuitry is switched to read mode to enable the contents of the memory 
cells to be read out, as aforesaid. 

The read switch means is connected between the memory cells and 
the output of the individual pixel circuitry, which latter is connected to the 
25 respective column bus for that pixel. The read switch means is a 

component of the write/read switching means discussed above, and works 
in conjunction with the write switch means to control the operation of the 
circuit. A buffer amplifier is preferably placed between the output of the 
memory cells and the read switch means. This amplifier may, for example, 
30 comprise a MOS transistor connected as a source follower, and this means 
that the readout operation, as far as the external circuitry is concerned, is 
similar to that of a standard APS circuit (c.f. Figure 1 ). However, a charge 



amplifier might be a better solution, particularly where a twin MOS memory 
cell (as discussed above) is used. 

The readout operation is timed to take place between successive 
write operations (but see below as to the possibility of interleaving the write 
5 and read operations). The individual memory cells are read out 

successively in turn in a similar manner to the write operation. Generally 
speaking the memory cells are written to and read from one at a time; 
however it is possible to perform each write operation to a group of memory 
cells comprising multiple memory cells and this would result in the storage 
10 of the same voltage in all memory cells of the group. This would, of 

course, reduce the effective number of memory cells - for example, if there 
were 10 memory cells in total, and two memory cells in each group, then 
the effective number of memory cells would be 5. However, simultaneous 
writing to multiple memory cells might have advantage in improving such 

1 5 things as noise performance and redundancy. Likewise, it is possible to 
read from multiple memory cells simultaneously. For example, the 
memory cells comprised within the aforesaid groups may be read 
simultaneously for similar reasons to those given above. It is also possible 
to simultaneously read multiple memory cells which have not been written 

20 to together, and these do not (necessarily) store the same voltage. 

Simultaneous reading of two or more cells, whether the stored voltage be 
the same or different will result in the sum of the charge stored in the 
memory cells concerned. The output from each memory cell, or from a 
summing operation as just described, is passed via said read switch means 

25 to the column bus for processing with the output from other pixels in 
external processing circuitry. 

The circuitry associated with each pixel preferably further includes 
reset means for resetting the circuitry at appropriate times, in particular in 
between the write and read operations. In the preferred embodiments, two 

30 resets are provided: a write reset for resetting the output of the sensors 
preparatory to the commencement of the integration period and a read 
reset for resetting the output of the memory cells between each read 
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operation. In both cases, the relevant circuitry can be realised by a 
switching transistor such as a MOS transistor whose gate is connected to 
receive a write reset signal or a read reset signal, as appropriate, to apply a 
reference voltage to reset the circuitry. Preferably, both of the reset 

5 signals are output from the aforementioned timing circuit. 

Up to now, it has been assumed that the read and write operations 
will occur separately and successively - i.e. a first write operation 
corresponding to ah integration period, followed by a first read operation 
during which the values stored as a result of the first write operation are 

10 read out, followed again by a second write operation covering a 

subsequent integration period and a second read operation, and so on. 
However, the timing circuit can be adjusted to enable the write operations 
and read operations to be time interleaved with one another so that the 
read and write operations are, in effect, carried out in the same time frame, 

1 5 although not simultaneously. Such interleaving has the potential to speed 
up operation of the pixel circuitry still further. 

In order that the invention may be better understood, several 
embodiments will now be described by way of example only and with 
reference to the accompanying drawings in which:- 

20 Figures 1 and 2 are circuit diagrams of a known pixel circuit utilising 

APS architecture; 

Figures 3 and 4 are circuit diagrams similar to Figure 2, but showing 
two different embodiments of the present invention; 

Figures 5 and 6 are detailed circuit diagrams of the embodiments of 

25 Figures 3 and 4 respectively; 

Figures 7 and 8 are circuit diagrams of the memory cell used in the 
embodiments of Figures 3 and 4 respectively; and 

Figures 9 and 10 are multiple waveform diagrams to illustrate the 
operation of the circuit of Figure 5. 

30 The image device of the invention comprises a two-dimensional, 

usually planar, array of pixels which are scanned in turn to build up the 
desired image. The technique of scanning is well known and will not be 
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described in detail; suffice to say that the output from each pixel is selected 
in turn to build up an electronic representation of the image. This invention 
is concerned particularly with the composition of each pixel. 

Figure 2 is a simplified version of Figure 1 , redrawn to be more 
. 5 directly comparable with Figures 3 and 4, to be described below. The 

source follower MIN is represented as amplifier A1 having a gain of 1 . The 
amplifier A1 is greyed to represent the fact that only one pixel in a column 
can work at any one time. 

Referring to Figure 3, there is shown a first embodiment of the 

10 present invention. This embodiment differs from the prior art in that, 
between the photodiode PD and the amplifier A1 there are a plurality of 
memory cells 1 to 4, each of which stores a respective discrete sample of 
the signal from the sensor, as will be explained in more detail below. 
Between the photodiode PD and the memory cells 1 to 4 is an amplifier A2 

15 which may, for example, be a source follower, or an inverter. As before, 
the amplifier A1 is greyed to represent the fact that only one pixel in a 
column can work at any one time. By contrast, the amplifier A2 is 
continuously biased during the integration period, independent of the other 
pixels. 

20 Figure 5 shows the circuit of Figure 3 in greater detail. All of the 

transistors are N-channel MOS (NMOS) transistors. The photodiode PD 
may be of any type available in the microelectronics industry. The 
nwell/psub type can give 100% fill factor (i.e. the ratio between the area 
sensitive to the radiation and the total area), this characteristic being 

25 particularly desirable for the detection of charged particles. For detection 
of visible light, alternative types, for example nplus/pwell, may give better 
performance because of reduced diffusion and hence better timing 
properties. 

The reset transistor MRW is connected in series with the photodiode 
30 PD between a reference supply voltage vrst_w and ground. Thus the 
voltage at the junction 1 of the source of transistor MRW and the diode is 
representative of the instantaneous radiation incident upon the diode. The 



gate of transistor MRW is connected to a reset write voltage reset_w. A 
positive pulse at the gate causes the transistor MRW to switch ON, thus 
applying the write reference voltage vrst-w to the junction 1 . 

The junction 1 is connected to a conventional inverter circuit 
5 comprising series connected amplifier transistors MB1, MIN connected 
between a supply rail Vdd and ground The inverter circuit is modified in 
that a pair of series-connected switching transistors MW1, MW2 are 
connected between the source of transistor MB1 and the drain of transistor 
MIN. The gates of transistors MW1 and MW2 are connected together to 

10 receive a write signal. If the write signal goes positive, the transistors 
MW1 and MW2 will be switched ON and will thus energise the inverter 
circuit. The output from the inverter circuit is taken from a junction 2 
between the source of transistor MW2 and the drain of transistor MW1 . 
The junction 2 is connected to a number n + 1 memory cells MO to 

1 5 Mn via a line 4 which is common to all of the cells. As will be explained 
below, each memory cell comprises a switch means and a storage means. 
The switch means is switched ON by a control signal applied to a 
respective connection sample <0> to sample <n>. The control signals are 
generated by a timing circuit (not shown). 

20 The junction 2 is further connected to the input of an output stage 

comprising source follower transistor MIR whose output is connected, via a 
pixel select transistor MSE to an output terminal 3. Other types of output 
stage can be used, such as a charge amplifier or voltage buffer, which may 
be preferable in certain circumstances. The output terminal 3 is connected 

25 to a column bus (not shown) in common with the other pixels in the same 
column in the array. As will be explained in more detail below, reading is 
effected by applying a read signal to the gate of transistor MSE which 
switches the transistor ON to connect the output of the source follower 
transistor MIR to the column bus via the output terminal 3. 

30 A read reset transistor MRR is connected from the gate of transistor 

MIR to a read reference supply vret_r. The transistor MRR is switched on 
by the application of a suitable voltage reset_r at its gate to apply the read 
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reference potential vrst_r to the gate of transistor MIR, to reset the circuit 
for the read operation, as will be explained in more detail below. 

In common with the control signals applied to the memory cells MO 
to Mn, the reset signals and the write and read signals discussed above are 
5 all generated by the timing circuit, as will be explained. Furthermore, it will 
be noted that the substrates of all of the transistors are connected in 
common to ground, as is the usual CMOS practice. 

The operation of the circuit of Figure 5 will now be explained in more 
detail, with additional reference to the timing diagrams in Figures 9 and 10. 
1 0 The period during which data collected by the photodiode PD is 

passed to the remainder of the pixel circuitry is generally referred to as the 
integration period. This period is controlled by the write signal (Figure 9B) 
applied to the gate of transistors MW1 and MW2. The write signal may be 
applied as a single pulse (the outline of which is shown dotted in Figure 9) 
1 5 covering the whole of the integration period, or a series of pulses (as 

shown solid in Figure 9). When the write signal is positive, the transistors 
MW1 and MW2 are switched ON which supplies operating current to the 
inverter transistors MB1 and MIN, and signals from the junction 1 are 
passed through to the output 2 of the inverter with a modest gain, typically 
20 about 2. The integration period is thus the period ti to t 2 during which the 
transistors MW1 and MW2 are switched ON, either continuously or 
discontinuously, by the write signal. This is in contrast to the prior art 
arrangement illustrated in Figure 1 in which the energisation of the amplifier 
following the photodiode (source follower MIN) is controlled by the state of 
25 the pixel select transistor MSEL, and only needs to happen during the 
readout of the sensor, not during the integration period. 

Immediately prior to the commencement of the integration period a 
write reset pulse signal reset_w (Figure 9A) is applied to the gate of 
transistor MRW to switch the transistor ON and apply a write reference 
30 voltage vrst_w to the junction 1 . This resets (biasses) the photodiode PD 
to a high positive potential (vrst_w), and thus acts as a fixed "baseline" at 
the commencement of the integration period. The pulse duration is 
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typically about 1 jjs. 

During the integration period the voltage at junction 1 changes from 
the reference voltage vrst_w at its commencement in accordance with the 
strength of the radiation incident on the sensitive area of the photodiode 
5 PD. These changes are amplified by the inverter (MB1 , MINI), as already 
discussed, and appear at the inverter output 2 and hence on the line 4. 
The transistors MIR, MRR and MSE are switched OFF, but control signals 
sample <0> to sample <n> are passed to the memory cells MO to Mn 
respectively to connect the common line 4 through to a storage means 
1 0 within each memory cell. As already discussed, the timing of the control 
signals sample <0> to sample <n> can be arranged in various ways, but 
the most straightforward way is that, for the duration of the integration 
period, control signals will be applied successively, and one at a time, to 
the memory cells MO to Mn, so that each memory cell stores in its storage 
1 5 means a respective sample of the amplified signal from junction 1 . This is 
clarified in Figure 9 where it will be seen that waveform C corresponds to 
control signal sample <0>, waveform D corresponds to control signal 
sample <1>, and so on. It will be seen that the control signals are evenly 
spaced throughout the duration of the integration period, and are in 
20 synchronism with respective pulses of the write signal, so that the 
corresponding samples stored within the memory cells MO to Mn are 
likewise evenly spaced throughout the integration period. 

It will be understood by those skilled in the art that such samples, 
provided that they are taken sufficiently frequently, can accurately 
25 reproduce variations in the signal from the photodiode when processed by 
suitable circuitry. The number of samples taken - and hence their 
frequency - depends on the number of memory cells. For example, if just 
10 memory cells are used, this means that a maximum of 10 samples can 
be taken during the integration period. In order to integrate all of the 
30 memory cells in a single pixel requires a compromise with the noise 

performance of the pixel and current technology will limit the number of 
memory cells on, say, a 50 x 50 micron pixel to about 100. However, 
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advances in technology will see this limit rise over the coming years. 

Sampling frequencies typically of between 1 and 10 MHz are 
currently possible but these are set to increase as CMOS technology 
evolves. 

Clearly also the number of memory cells, and hence the number of 
samples within each integration period, depends on the size of the 
individual pixels, as well as on the required signal and noise performances. 
In the 10 memory cell version illustrated in the drawings, each storage 
capacitor is 3.5 x 3.5 urn in size. This size was chosen to achieve a noise 
performance better than about 50erms (electron root mean square). 
Table 1 gives an estimate of pixel area with current 0.25 urn technology. 
With this same capacitor size, about 100 memory cells can be integrated in 
a 50 x 50 micron pixel. Table 2 gives an estimate of pixel area for a 
projected future technology of 0.035 micron. 
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TABLE 1 



Existing 
technology 
(0.25 micron) 



MOScap 
size 
Mm 



Store cap 
fF 



Cell size 
um A 2 



10-cell Cells/20pm Cells/50|jm 100-cell 
pixel pixel pixel pixel 

Mm 



1000-cell 
pixel 



1 

2 
3 
4 
5 
6 
7 
8 
9 



6.3 
25.0 
56.3 
100.0 
156.3 
225.0 
306.3 
400.0 
506.3 



11.3 

19.3 

29.3 

41.3 

55.3 

71.3 

89.3 

109.3 

131.3 



12.3 
15.2 
18.2 
21.3 
24.3 
27.4 
30.5 
33.7 
36.8 



32 
18 
12 
8 
6 
5 
4 
3 
2 



218 
127 
84 
59 
44 
34 
27 
22 
18 



34.1 
44.3 
54.5 
64.5 
74.6 
84.6 
94.7 
104.7 
114.7 



106.3 
138.9 
171.1 
203.2 
235.1 
267.0 
298.8 
330.6 
362.3 
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62.5 


1.6 


7.5 
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1584 


14.0 


39.9 


2 


250.0 


5.1 


9.5 


71 


486 


23.4 


71.4 


3 


562.5 


10.6 


12.1 


34 


233 


33.1 


102.9 


4 


1000.0 


18.1 


14.9 


19 


136 


43.0 


134.5 


5 


1562.5 


27.6 


17.8 


13 


89 


52.9 


166.1 


6 


2250.0 


39.1 


20.7 


9 


62 


62.8 


197.7 


7 


3062.5 


52.6 


23.8 


6 


46 


72.8 


229.3 


8 


4000.0 


68.1 


26.8 


5 


36 


82.7 


260.9 


9 


5062.5 


85.6 


29.9 


4 


28 


92.7 


292.6 



At the end of the integration period the write signal switches OFF the 
5 transistors MW1 and MW2 and de-energises the inverter MB1 , MIN. It is 
now possible to read out the contents of the memory cells and pass them 
to the column bus via the output terminal 3. To achieve this a read signal 
(Figure 10F) is applied to the gate of the pixel select transistor MSE which 
switches the transistor ON and energises the source follower transistor 

10 MIR. Current for this purpose may be obtained from a common current 
source, such as shown in Figure 1 . 

During the read period t 3 to U control signals samples <0> (Figure 
10C) to sample <n> (Figure 10E) are applied to the memory cells to 
sequentially read out the values stored in the respective storage means 

15 within each memory cell M0 to Mn. Immediately preceding each read 
operation, a reset signal reset_r (Figure 10G) is applied to the gate of 
transistor MRR which applies a read reference voltage vrstjr to the gate of 
the source follower transistor MIR. 

The timing of the readout operation can be the same as the write 

20 operation - i.e. the samples are read out at equally spaced time intervals 
throughout the readout period and passed, sequentially and one at a time, 
to the output terminal 3 via the source follower MIR. However, other 
options are possible. For example, the contents of multiple cells could be 
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read out simultaneously, and some analogue operation such as summing 
or averaging carried out on them before passing the resultant to the output 
terminal 3 via the source follower MIR. 

Further, the timing diagrams in Figures 9 and 10 show the write 
5 operations and read operations taking approximately the same time. This 
need not necessarily be the case and, indeed, it is likely that the read 
operation will take longer, possibly a lot longer. 

There are various ways in which the timing for the whole array of 
pixels can be arranged. For example, the write operation may be 

10 synchronous, meaning that all pixels are written to at the same time. By 
contrast, reading may be done in much the same way as in a standard 
CMOS sensor, i.e. row by row. During reading the input amplifier MB1 , 
MIN is OFF (signals reset_w and write low). The signals reset-r and read 
are common to all the pixels in a row, but are different from row to row 

15 since all the pixels in a column share a common output load. In this way, 
all the samples in a row are read in parallel. 

The result of this method of operation is that there is a substantial 
difference between the write period and the read period. For example, 
consider a sensor with NxN pixels, each with M samples. Let us also 

20 suppose that the time for writing a sample is T ws , while the time for reading 
one row is Trr. The total write time T w , i.e. the time needed to write all the 
memory cells, is then given by Tws*M, since all the pixels are operating in 
parallel: T w = T ws * M. The time T r needed to read all the samples in the 
array is given by T r = T^ * N * M. Hence the duty cycle D will be> 

25 

T WS *M Tws 1 
D= = * — 

T^ * N * M T^ * N N 

30 In the last equality it is assumed that Tws « T^, which is at present 

quite a good assumption. This value of duty cycle has to be taken as a 
worst case. There are several ways of reducing the duty cycle, for 
example by interleaving read and write or by increasing the number of 
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output nodes. In this latter case, the readout time will be reduced in direct 
proportion to the number of output nodes. 

The technique of storing samples during the integration enables a 
number of different functions to be carried out, such as: 
5 1 ) Noise reduction. The reset value vrst-w on the photodiode can 

be stored in one memory cell and the amplified sensor signal in the 
remainder. Differential readout gives a noise reduction. kTC and FPN 
noise in the first stage is then eliminated. kTC and FPN noise in the 
second stage can be eliminated by a second differential readout. 
10 2) Dynamic range enhancement. By sampling the image with 

different integration periods, dynamic range enhancement can be achieved. 
It is also possible to contemplate an alternative first stage design with 
adjustable gain. 

3) Speed. Sampling images at 1-10 MHz is possible. Speed can 

15 increase with time, as CMOS technology evolves. 

Reference is now made to Figure 7 which illustrates a single 
memory cell of the type used in the embodiment of Figure 5. Each 
memory cell receives an input signal from the common line 4 via an input 
terminal 5, and a control signal sample <0> to sample <n> via a control 

20 terminal 6. The memory cell comprises a switch means in the form of an 
NMOS transistor T6 and a storage means in the form of capacitor C, this 
latter in practice being realised as a second NMOS transistor. The 
substrates of both transistors are connected to ground, as shown. 

The control input is applied to the gate of the transistor T6 to thereby 

25 switch the transistor ON to thus connect the capacitor C to the input 

terminal 5 and hence to the common line 4. Thus, for the short period that 
the transistor T6 is switched on, a sample of the instantaneous voltage on 
line 4 is stored in capacitor C. After the transistor T6 is switched OFF, the 
capacitor C is effectively isolated, and thus retains its charge until 

30 subsequently being read out by the further application of a control signal to 
the control input 6 which once again switches the transistor T6 ON to 
connect the capacitor C to the common line 4. 
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The size of the capacitor C is important in determining the kTC 
^ noise. During the read operation, the charge stored in the capacitor is 
dumped onto the common line 4 which, during read, is the input to the 
output stage. The size of the capacitor is a factor in determining the gain 
of the output stage since charge sharing occurs. For both writing and 
reading it is desirable to have as large capacitors as possible to achieve 
lower noise (during writing) and higher gain (during reading). 

A second embodiment of the invention will now be described with 
reference to Figure 4 which is similar to Figure 3 but in which the common 
amplifier A1 is replaced by multiple amplifiers, each located within a 
respective memory cell. The circuit is shown in greater detail in Figure 6, 
which corresponds to Figure 5 of the first embodiment. The primary 
difference between the two circuits is that, whereas in Figure 5 some 
common circuitry is used for both the write and read operations, in Figure 
6, the write operation and the read operation are entirely separate. The 
amplified signal at the output of the inverter MB1, MIN is written to the 
memory cells MO to M9 via the common line 4 in the same manner as 
described above. However, reading of the memory cells is carried out by 
separate circuitry primarily within the individual memory cells. 

To achieve this each of the memory cells MO to M9 has separate 
input and output connections 1 0,1 1 respectively. All of the input 
connections 10 are connected to the common line 4 and are used 
exclusively for the write operation. All of the output connections 1 1 are 
connected together and to a common output terminal 13 which is 
connected to the column bus via the pixel select transistor MSE and output 
terminal 3, as before. 

In addition separate control inputs are provided for each memory 
cell: a write control input w and a read control input r. In the embodiment 
of Figure 5, the write and read signals were applied via a common control 
input in each memory cell. 

The write control signals w<0> to w<9> operate substantially as 
described above with reference to Figure 5 (Figures 9C to 9E). The read 
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control signals r<0> to r<9> operate in the same way as the read control 
signals of the Figure 5 embodiment (Figures 10C to 10E), but the 
separation of the two functions enables greater flexibility to be obtained In 
the timing of the various operations. 

The output source follower and read switch are not shown in Figure 
6. The reason for this is that these components are contained within the 
individual memory cells, as made clear in Figure 8 to which reference will 
now be made. 

Figure 8 is a circuit diagram of a memory cell MO to M9, as used in 
the embodiment of Figure 6. As can be seen the left-hand part of the 
circuit is similar to that of Figure 7, and the same reference numerals have 
been used where appropriate. The left-hand side of the circuit also 
operates in the same manner as described, except that the control input 6 
in the circuit of Figure 8 is only used for writing and therefore is more 
properly referred to as the write control input. 

In an embodiment of Figures 6 and 8, the value held on each 
capacitor C in the memory cell may be read out and processed individually 
via an NMOS source follower transistor T10 and an NMOS select transistor 
T1 1 . The transistors T1 0 and T1 1 are connected in series between the 
supply rail V d «j and the output terminal 11. A common current source (not 
shown) supplies current to energise the source follower when the select 
transistor T1 1 is switched ON. The gate of the select transistor T1 1 is 
connected to a read control input 12. The transistor T1 1 is switched ON 
by means of a suitable pulse signal at read control input 12 and this allows 
the voltage on the capacitor C to be read out via the source follower T10 
and passed to the output terminal 1 1 . During this time, the transistor T6 is 
preferably switched off, thus isolating the voltage on the capacitor C from 
the common line 4. 

The operation of the embodiment of Figures 6 and 8 will be apparent 
from the above explanation, in conjunction with the description of the 
operation of the embodiment of Figures 5 and 7. 

The imaging devices described above have a number of advantages 
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over CCD imagers, or devices using standard APS architecture. Some of 
these advantages may be listed as follows: 

Flexibility in readout schemes: for example, readout can be delayed 
with respect to the actual data taken; this can be particularly useful in 
applications where short, fast events have to be acquired and can then be 
read in a second subsequent phase. 

Flexibility in writing: the timing of the writing process in each pixel 
can be driven by the user so that its memory cells can store the image at a 
chosen time. 

Speed: because of the use of local storage on the pixel, frame 
speeds in excess of 1 MHz are possible. 

Noise: differential readout allows a reduction of reset noise (also 
known as kTC noise) and Fixed Pattern Noise (FPN); amplification can. be 
used to further reduce the kTC noise. 

Redundancy: the local storage area is random access; pixel failures 
can be corrected by using adjacent memory cells, as described above; this 
can be particularly relevant for very large area devices, where the pixel 
count is very high. 

Dynamic range: sampling the same scene with different readout 
times can enhance intrascene dynamic range. Also, the total pixel gain 
can be adjusted in between different snapshots, in order to provide low 
gain for bright images and high gain and better noise performances for low 
light levels. Single photon detection could become possible by accurately 
selecting gain and noise performance. 

The operation of the imaging devices described herein results in a 
sort of 3-D imaging, where a third dimension (time) is added to the normal 
2-D imaging. This is a result of the local storage of images in memory, 
enabling the write and read operations to be split into two phases. 

Other advantages of the imaging devices described above which are 
not only peculiar to the present invention but are more typical of any CMOS 
sensors are the low power consumption and the scalability following 
shrinking in the minimal dimension of CMOS electronics. The described 
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devices will also profit from the integration of a detection layer (i.e. 
amorphous silicon) on top of the pixel in order to enhance the fill factor and 
hence the quantum efficiency of the sensor. 

The proposed imaging device can be compared with two existing 
5 technologies: standard CMOS APS and ultrafast cameras (streak or 
framing): 

Standard CMOS APR 

The proposed imaging device uses standard CMOS technology. It 
adds more functionality to the standard sensor by integrating memory cells 
1 0 and continuously biased amplifiers inside the cell. The advantages of the 
proposed imaging device are in terms of:- 

Speed: > 1 Mfps (frames per second). Current top-end sensors are 
PB-MV from Photobit/Micronlmaging, 4MP at 240 fps, and Lupa, 
1 .3Mpixels at 450 fps from FillFactory. Their limitation in speed comes 
1 5 from the fact that all the data needs to be read out before another image is 
taken. By storing locally in the pixel, this limitation is removed. 

Flexibility: it is possible to perform analogue operations on data 
before reading it out. This can be also used to enhance the dynamic 
range and reduce noise. 
20 Streak and framing cameras 

These are very specialised technologies for very fast recording of a 
few frames. The advantages over this type of product are in terms of: 

Low cost: because the proposed imaging device is fabricated with 
CMOS technology, it is possible to integrate many system functions on the 
25 chip itself. 

Low power: as above, this is given by the use of CMOS technology. 

Portability/Miniaturisation: the proposed device could lead to a 
portable solution (« 1kg) whereas at present streak cameras are heavy 
and bulky. 

30 Ease of use: signal control can be integrated in the chip itself. 

Length of data storage: most streak cameras can record up to about 
16 frames while some cameras can go up to 64, but with reduced time 
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resolution. Table 2 (above) shows an estimated scaling of the proposed 
device. Table 2 is equivalent to Table 1 but with a technology foreseen in 
about 1 0 years' time. By then, component dimensions will be reduced by 
a factor of 1 0. For the same capacitance value, it would become possible 

5 to integrate 1 000 cells in a pixel of 40 x 40 urn. 

Applications for the invention include general imaging applications 
for the imaging of electromagnetic radiation, electric potentials or charged 
particle radiation. In addition, with the use of a converter, neutron 
detection could also be achieved. There follows a selection of possible 

1 0 specific applications, although many more will be evident to those skilled in 
the art: 

Visible light imaging of: wide dynamic range phenomena, fast 
phenomena (to be captured at over 10 6 fps). 

Detection of charged particles: depending on the type of sensor 
1 5 integrated in the circuit, the area underneath the electronics can be made 
sensitive to charged particles achieving 100% efficiency. Applications: 
vertex or tracking detectors in particle physics, or beta autoradiography in 
bio-medicine. 

Detection of X-rays: the proposed device will be useful in large area 
20 detectors for radiography since the two stage architecture will allow longer 
readout times without degrading the performance of the sensor. It also 
allows the direction of readout to be changed. It could be possible to 
realise large area sensors in a modular, more cost-effective way. 
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CLAIMS 

1 . An imaging device comprising an array of pixels in which, for each 
pixel, there is provided: 

a sensor which is sensitive to a variable quantity to be imaged and 
for outputting a signal representative of the variation in said quantity during 
an integration period; 

amplifier means for amplifying the signal from said sensor; 

a plurality of memory cells for holding sequential samples of the 
amplified signal from the sensor during the integration period; and 

read switch means actuable to enable the contents of said memory 
cells to be read out. 

2. An imaging device as claimed in claim 1 wherein the sensor, 
amplifier means, memory cells and read switch means are located within 
the circuitry of each pixel. 

3. An imaging device as claimed in either one of claims 1 or 2 wherein 
each memory cell comprises a selection means and a storage means. 

4. An imaging device as claimed in claim 3 wherein said selection 
means is actuated to select that memory cell by a control signal from a 
common timing circuit. 

5. An imaging device as claimed in claim 4 wherein said timing circuit 
is such that, during each integration period, at least one memory cell at a 
time is selected in succession and a sample representative of the 
instantaneous value of the amplified output signal from the sensor is written 
to the storage means of the selected memory cell. 

6. An imaging device as claimed in claim 5 wherein the timing circuit 
acts to write samples throughout the integration period, there being a 
sufficient number of memory cells that each cell stores a single sample. 

7. An imaging circuit as claimed in claim 6 wherein the samples are 
arranged at evenly spaced time intervals throughout the integration period. 

8. An imaging device as claimed in any one of the preceding claims 
further comprising write switch means operable to connect the output signal 
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from said sensor to the memory cells via said amplifier means. 

9. An imaging device as claimed in claim 8 wherein said write switch 
means is operable to energise and de-energise said amplifier means to 
thereby selectively allow the passage of the output signal of said sensor 

5 through the amplifier means to the memory cells. 

10. An imaging device as claimed in any one of claims 3 to 9 wherein 
said timing circuit is further operable, during a read period corresponding 
with the actuation of said read switch means, to successively read the 
samples stored within the memory cells. 

10 11. An imaging device as claimed in claim 1 1 wherein the memory cells 
are read out on a one-by-one basis. 

12. An imaging device as claimed in claim 1 1 wherein multiple memory 
cells are read out simultaneously, and means are provided for carrying out 
an analogue operation on the simultaneously read out samples and 

15 outputting a resultant signal. 

1 3. An imaging device as claimed in any one of claims 1 0 to 1 2 wherein 
said timing circuit is such as to separate the read period from the 
integration period, so that they do not overlap. 

14. An imaging device as claimed in any one of claims 10 to 12 wherein 
20 said timing circuit is such as to overlap the read period and the integration 

period, and wherein the operations of writing into the individual memory 
cells and reading from the individual memory cells are time interleaved with 
one another. 

15. An imaging device as claimed in any one of claims 10 to 14 further 
25 comprising read reset means for resetting the circuit prior to the 

commencement of each read period. 

16. An imaging device as claimed in claim 15 wherein said reset means 
is operable to reset the circuit between each reading of a sample stored 
within a respective memory means. 

30 1 7. An imaging device as claimed in any one of claims 1 0 to 1 6 wherein 
said read switch means includes a single select switch for sequentially 
passing the contents of the storage means within respective memory cells, 
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as they are read out, to an output connected to a column bus. 

18. An imaging device as claimed in any one of claims 10 to 16 wherein 
said read switch means comprises a select switch located within each 
memory cell, wherein said timing means is such as to actuate said select 

5 switches to thereby select the memory cells for reading out, and wherein 
the outputs of said select switches are passed to a common output which is 
connected to a column bus. 

19. An imaging device as claimed in any one of the preceding claims 
wherein said variable quantity is electromagnetic radiation. 

10 20. An imaging device as claimed in claim 19 in which the radiation is 
visible light. 

21 . An imaging device as claimed in any one of the preceding claims 
wherein said sensor is sensitive to charged particles. 

22. An imaging device as claimed in any one of the preceding claims 
15 wherein said variable quantity is neutron radiation. 

23. An imaging device as claimed in any one of the preceding claims 
wherein said variable quantity is a voltage. 

24. An imaging device as claimed in any one of the preceding claims 
wherein said amplifier means comprises a MOS transistor connected as a 

20 source follower. 

25. An imaging device as claimed in any one of claims 1 to 23 wherein 
said amplifier means is an inverter comprising a pair of MOS transistors. 

26. An imaging device as claimed in any one of claims 1 to 23 wherein 
said amplifier means comprises a charge amplifier. 

25 27. An imaging device as claimed in any one of the preceding claims 
including a further amplifier means for amplifying the signal read out from 
said memory cells. 

28. An imaging device as claimed in claims 2 and 27 wherein said 
further amplifier means is located within the circuitry of each pixel. 
30 29. An imaging device as claimed in claims 17 and 27 or 28 wherein 
said further amplifier means comprises a single amplifier common to all of 
said memory cells. 
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30. An imaging device as claimed in claims 18 and 27 or 28 wherein 
said further amplifier means comprises an amplifier located within each 
memory cell. 

31 . An imaging device as claimed in either one of claims 29 or 30 

5 wherein said or each amplifier is constituted by a MOS transistor connected 
as a source follower. 

32. An imaging device as claimed in either one of claims 29 or 30 
wherein said or each amplifier comprises a charge amplifier. 

33. An imaging device as claimed in any one of the preceding claims 
1 0 wherein said amplifier means is continuously energised during the 

integration period. 



